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ABSTRACT 

We have combined multi-epoch images from the Infrared Side Port Imager 
on the CTIO 4-meter telescope to derive a 3-cr limit of J = 21.7 for the ul- 
tra cool brown dwarf companion to WD 0806-661 (GJ 3483). We find that 
J — [4.5] > 4.95, redder than any other brown dwarf known to date. With theo- 
retical evolutionary models and ages 1.5 — 2.7 Gyr, we estimate the brown dwarf 
companion to have mass < 10 — 13 Mj up and temperature < 400 K, providing ev- 
idence that this is among the coolest brown dwarfs currently known. The range 
of masses for this object is consistent with that anticipated from Jeans-mass 
fragmentation and we present this as the likely formation mechanism. However, 
we find that substellar companions of similar mass (~ 7 — 17 Mj up ) are dis- 
tributed over a wide range of semi-major axes, which suggests that giant planet 
and low- mass brown dwarf formation overlap in this mass range. 

Subject headings: binaries: visual — brown dwarfs — planetary systems 



1. Introduction 



The first exampl es of the low-temperature L- and T-spectral classes were discovered as 
companions to stars (IBecklin fc Zuckerman! Il988l ; iNakajima et al.lll995l ). The upper tem- 
perature limit for a Y-type object is not known; though it is expected to b e < 500 K, 
when water vapor is predicted to condense (see Figure 2 in lBurrows et al.ll2003l ). Wide- field 
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searches for low temperature T (and Y) dwarfs are cur rently in progress and sev eral very cool 
objects have been fo und at temper atures of: ~57Q K ( IBurningham et al.ll2009f), 550 — 500 K 



( iLeggett et al.l 12009( 1. 500-400 K flLucas et al.ll2010h . and <500 K flEisenhardt et al.ll2010h . 
However, the spectra of those objects (when available) do not differ substantially from late 
T-dwarfs. An object como ving with WD 0806- 661 could represent the coolest substellar com- 
panion observed to date ( jLuhman et al.l 120111 ) . While no spectrum has yet been obtained, 
this could very well be the first example of the Y spectral class. 

This Letter presents an upper limit at J-band to the substellar companion to WD 0806- 
661 (GJ 3483). Because the 'WD' designation is used exclusively for white dwarfs (E. 
Sion 2011, private comm.), we suggest the companion b e referred to as GJ 3483B rather 
than WD 0806-66 IB, as adopted in the discovery paper (jLuhman et al.ll201ll ). We will use 
GJ 3483 and GJ 3483B throughout this Letter. We discuss what constraints our upper 
limit places on the object's mass and temperature as well as how it ties in to other imaged 
low-mass companions. This object, and similar low-mass companions, probably formed at 
large separations from their primary star via Jeans-mass fragmentation ( )Low fc Lynden-Bell 
19761 ) rather than been scattered out via planet-planet interactions. 



2. Observations 



As part of an ongoing imaging campaign to search for wide separation low-mass com- 
panions to ne arby, old white dwarfs, w e observed GJ 3483 using the Infrared Side Port 
Imager (ISPI, Ivan der Bliek et al.l 12004 ) on the CTIO 4-m Blanco telescope. Observations 
were carried out on UT 2009-03-16, 2009-03-17, 2010-04-03, and 2010-04-05, each lasting 
3240 seconds (3 sets of 3 x 3 dithers with individual exposure times of 120 seconds) and cov- 
ering a field of view of approximately 10' x 10'. Conditions were generally good with seeing 
~1" at J-band (~1.3" on 2009-03-17) and clear (except for thin clouds on 2009-03-16). Data 
reduction was carried out in the usual manner using stand ard IRAF routines^. The brown 
dwarf companion observed by Spitzer (jLuhman et al.l 120 111 ) was not detected in any of the 
individual nights. 

To obtain a deeper J-band limit, we coadded data from the four nig hts together. Be 



cause the white dwarf has proper motion of (+340.3, —289.6) mas yr 1 ( jSubasavage et al. 



20091 ). we shifted the 2009 data by 1 pixel in both R.A. and Decl. to match the white dwarf's 



1 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Asso- 
ciation of Universities for Research in Astronomy (AURA) under cooperative agreement with the National 
Science Foundation. 
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motion (the ISPI plate scale is 0.3" pix -1 ). Individual nights were weighted by the square of 
the signal-to-noise of well-detected 2MASS stars. Our coadded, 3.5-hour image is displayed 
in Figure [T] alongside the 2009 4.5/xm Spitzer field from program 60160 (M. Burleigh) and 
it is clear we do not detect the companion brown dwarf. To estimate a limiting magni- 
tude, we generated synthetic stars in 0.1 magnitude bins ranging from J=20.6 to 22.6 using 
IRAF/DAOPHOT's addstar routine with a PSF derived from stars in our field. PSF fitting 
was performed on these synthetic stars, which allows us to estimate a 3-a li mit of J = 21.7 



for th is coadded exposure, 1.7 magnitudes fainter than the limit provided by iLuhman et al. 



3. Results 



With our upper limit of J = 21.7, we estim a te J — [4.5] > 4.95, nearly two magnitudes 
greater than the value quoted in ILuhman et al.l (120111 ) and redder than any other T-dwarf 
currently known. Figure [2] illustrates the trend of decreasing absolute 4.5/zm magnitude for 
known T-dwarfs as a function of J — [4.5] color. Our upper limit for GJ 3483B is consistent 
with the T-dwarf trend, though it could be redder (an d, thus, as faint as J ~ 23 — 24). The 
initial-final mass relationships in Catalan et aL ([2OO8, and references therein) along with the 



estimated white dwarf mass of 0.62±0.03 M (ISubasavage et alj|2009j ) s uggest the progenitor 



mass was 2.0 ± 0.3 M with a main sequence lifetime of 1.3±g;| Gyr ( iCatalan et al.l 120081 



and refere nces therein; S. Leggett 2011, private comm.). With the cooling age of 670 Myr 
derived in ISubasavage et al.l (120091 ). this implies a total age of 1.5 to 2.7 Gyr. Based on our 
3-a limit, an age o f 1.5 G yr, and theoretical evolutionary models from iBurrows et al.l (120031 ) 
and iBaraffe et al.l (120031 ) . we estimate a mass of < 10 Mj up and temperature < 410 K. 
However, with an age of 2.7 Gyr, we find the companion has a mass of < 13 Mj up and 
temperature < 400 K. 



The IRAC 4.5/xm photometric magnitude of 16.72 (ILuhman et al.l l201ll ) can also be 
use d to derive the mass and temperature of GJ 3483B. With an age of 1.5 Gyr, we find 
the IBurrows et al.l (120031 ) models predict a mass of ~ 6 Mj up and temperature ~ 330 K. 
With the upper age limit of 2.7 Gyr, we find mass and temperature of ~ 10 M.j up and 



350 K. These model temperatures are somewhat warmer than the value ILuhman et al. 



(120 111 ) present (~ 300 K). While the uncertainty in age and thus the mass of GJ 3483B 
are substantial, the range of implied masses is consistent with those anticipated from Jeans- 
mass fragmentation (see Section |4|). That is, the mass of GJ 3483B is unlikely to be much 
smaller than ~ 7 Mj up . The range in mass and temperature (6 — 10 Mj up , 330 — 350 K) for 
GJ 3483B are comparable to those of CFBDSIR J1458+1013B (6 - 15 M Jup , 370 ± 40 K), 
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another recently discovered ultra cool companion flLiu et al.l 1201 11 ). 



Discussion 



Companions with masses less than ~20 Mj up have been imaged in only a handful of 
systems (listed in Table [TJ ) and most have masses between 7 and 15 M Jup . As described in 
Zuckerman &: Sona (120091 ). objects of mass ~15 M j up would require at least 2 Gyr to cool 
down to ~500 K, which is usually taken as the temperature in which the Y-dwarf spectral 
type will appear. Binaries with brown dwarf secondaries having masses larger than 15 Mj up 
are so mewhat more common than the few listed in Tabled] (see Table 2 in lZuckerman fe Song 
20091 ). but for a ~25 Mj up o bject to cool to 500 K it must be at least 7 Gyr old, according 
to the Burrows et al.l (120031 ) models. Hence the coolest companions are more likely to be 
found in relatively old systems. 

A handful of white dwarfs are known to host widely separated brown dwarf companions 
(see Table [2]). While a few other WD+BD pairs are known, these are unre solved systems 
whose separations a re a few AU or less (GD 140Q. lFarihi Christopherll2004! ; WD 0137-349, 



Maxted et al.l 120061 ). The separations among the resolved WD+BD pairs is generally on 



the order of ~1000's of AU, albeit with low number stati stics. Companions around white 
dwarfs are expected (and observ ed, see iFarihi et al.l 120101) to have a bimodal distribution 
in their orbital semi-major axes jNordhaus et al.lboioh. T hose orbiting close to the main 
sequence star will spiral in via tidal dissipation ([Hansen! 120101 ) . More widely separated 
companions (such as most of those in Table [TJ) will undergo orbital expansion following post 
main sequence mass loss from the white dwarf progenitor. Assuming the mass loss was 
adiabatic, which is almost certainly true (the orbital period is short compared to the time 
frame of mass-loss), the ratio of semimajor axes (a) between the white dwarf and main 
sequence phases should be iden tical to the inverse ratio of white dwarf and main sequence 
masses, or a wd = a ms M ms /M wd (jjeans 1924 ). As previously mentioned, GJ 3483 has a final 
mass of 0.62 M and initial mass of 2.0 M Q . If we assume the 2500 AU projected separation 
corresponds to a semi-major axis, then while on the main sequence this binary would have 
had a ~ 780 AU, consistent with the values in Table [TJ 

The commonly accepted mass limits for brown dwarfs are 13 and 75 Mj up , where an 
object would fuse deuterium, but not hydrogen. In this case, planets (in addition to orbit- 
ing stars) would have masses below ~13 Mj up . However, Jeans fragmentation can produc e 
gravitationally collapsing clumps with masses as low as ~7 Mj up ([Low & Lynden-Belllll976l ). 
Typically, these fragments will have average separations of a few 100 AU. As seen in Ta- 
ble [TJ there are several imaged systems with masses lower than ~15 Mj up that orbit their 
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host stars at these wide separations. Gia nt planets, on the other hand, can form via c ore 
accretion in a disk fairly close to the star ( [Pollack et al.lll996t iKenyon Bromleyll2009l ) or 
yia gravitat ional instability at larger separations so long as the disk is sufficiently massive 
( IBossI 119971 ). Numerical simulations, however, h ave shown that planet format ion via core 
accretion does not generally occur beyond 35 AU (IDodson-Robinson et al.ll2009l . but see also 
Currie et al.ll201ll for contrasting arguments). Gravitational instability could create massive 
planets at larger semi-major axe s, but only fo r the most massive disks would one expect 



planets to form at ~100 AU (see lRafikov!l2005l . and references therein). 



Figure |3] shows the separations and masses of low mass companions from Tabled] and 
extrasolar planets from the Exoplanet Orbit Database (jWright et al.ll2010f ). The population 
of exoplanets extends to lower masses and shorter separations (semi-major axes), but is 
not displayed here. As mentioned in the preceding paragraphs, one would not expect giant 
planets to form at separations larger than ~ 100 AU. However, it appears that for objects 
~ 7 — 17 Mj up , companions are distributed in a wide range of separations, reaching as 
far as ~ 1000 A U. Planet-planet scattering could conceivably ej ect objects out to these 
large separations ( jVeras et al.l 120091 ; IDodson-Robinson et al.l 12009k and references therein) . 
Since lower mass planets are more readily scattered out to larger orbits than more massive 
objects, one would expect to see a larger number of low mass planets at large separations. 
However, numerous adaptive optics searches for companions have been performed, yet very 
few low mass objects h ave been found despite sensitivities to object s with masses > 3 M Jup at 
separations >40 AU ( IChauvin et al.l I201CH : iNielsen &: Close! l2010t and references therein). 
Additionally, while many giant planets have been detected with radial velocity searches, 
there is a lack of > 13 Mj up substellar companions wit hin < 5 AU, despite be ing sensitive to 
such objects (the well-known brown dwarf desert, see iMarcy fc Butler! 120001 ) . The paucity 
of low mass companions at large separations contrasts with both theoretical expectations 
and detected giant planets at a < 5 AU and suggests that planet-planet scattering is not a 
common mechanism to move large, ~ 7 — 17 Mj up mass companions, such as GJ 3483B and 
those listed in Table [U to large separations. 

The low mass, directly imaged companions with separations < 100 AU are worth men- 
tioning, as they may be notable exceptions to Jeans fragmentation: HR 8799b, c,d,e; (3 Pic b; 
and 2M1207b. In the case of HR 8799 and Pic, the planetary mass companion s orbit rela- 



tively close to their A-type stars, which possess extended circumstellar disks (see iRhee et al. 



200 7|). The brow n dwarf 2M1207 also possesses a disk close to the primary (R < 0.2 AU; 
Riaz et al.ll2006l ). but the low mass companion orbits beyond it at 46 AU. While the disks 
around A-type stars can be massive enough to form giant planets at large separations, it is 
unlikely that a brown dwarf can possess a similarly massive disk. This suggests that, while 
low mass brown dwarf formation and planet formation operate on different scales, formation 
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mechanisms for co mpa nions with masses < 13 Mj up begin to overlap (see discussions in 



Currie et al.l 120111 and iKratter et al.ll2010l ). The discovery of additional low mass, widely 
separated companions will play a key role in our understanding of giant planet and low mass 
brown dwarf formation. 
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Table 1: Lowest mass imaged companions 



Ohinrt 


Sp. Type 


Age 


M - 

ly± prz 








Ref. 




Primary 


Sec. 


(Myr) 


(Ma) 


(M T„„) 
V JtJ J up 1 


(AU) 


(") 




2M1207-39 


M8 


L5 


8 


0.025 


6 


46 


0.9 


1 


AB Pic 


K2V 


LI 


30 


0.84 


14 


218 


5.5 


1 


Oph 11 


M9 


M9.5 


5 


0.0175 


15 


237 


1.6 


1 


GQ Lup 


K7V 


LI. 5 


3? 


0.7 


17 


100 


0.7 


1 


HN Peg 


GOV 


T2.5 


200 


1.0 


16 


795 


43.2 


1 


HR 8799 


A5V 


latc-L 


30 


1.5 


5 


68 


1.7 


2,3 












7 


38 


1.0 














7 


24 


0.6 














7 


14.5 


0.4 




Pic 


A5V 


late-L 


12 


1.75 


~9 


8-15 


0.3 


4 


Ross 458 


M0.5+M7 


T8 


150 - 800 


0.6+0.08 


6-11 


1168 


102 


5,6 


GSC 06214-00210 


Ml 


M8-L4 


5 


0.6 


14 


319 


2.2 


7 


GJ 3483 


DQ 


Y? 


1500-2700 


0.62 


~ 6 - 10 


2500 a 


130 


8,9 



a While on the m ain sequence, the orbital s eparation for GJ 3483B ma y have been ~780 A U (s ee Sectio n QQ) 
References: 1 

iboioh . 4 



Zuckerman 



1120 loT s- 

20111 ). 8- lLuhman et all (|201lh . 9- This work 



Lagrange et al 



Goldman et al.1 (|2010f ). 6 



l, 2- Marois et al. 


(20081). 3- Marois et al. 


Bureasser et al.l 


2010l). 7- Ireland et al. 



We do not list the recently announced 2.6 AU-separation CFBDSIR J1458+1013AB system as it lacks 
a firm age estimate and thus has widely varyin g masses for th e primary and secondary, both of which 
are brown dwarfs with likely masses < 20 Mj up (|Liu et al.l 120111 ). A few other low- mass companions are 
known, but either with uncertain masses that could well be above ~20 Mj up (for example, GJ 758B at 



10-40 Mj up ; Thalmann et al. 20091) or the possibility that the two components could be independent 



members of the same co-mov i ng region (such as 2M J04414489+230151 3, 1RXS J160929. 1-210524, and 
CT Cha; rTodorov et Zlboid lLafreniere etaHboid I Schmidt et al.l I2OO8I ) . The measured separations are 
lower limits to the semi-major axes which, on average, will be somewhat larger than the observed separations. 
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Table 2: Spatially resolved WD+BD pairs 



Object 


Sp. Type 


Age 




M sec 


T eff 


Sep. 




Ref. 




Primary 


Sec. 


(Gyr) 


(M ) 


(M Jup ) 


(K) 


(AU) 


(") 




GD 165 


DA 


L3 


1.2 - 5.5 


0.56 - 0.65 


~75 


1900 


140 


4 


1,2 


PHL 5038 


DA 


L8 


1.9 - 2.7 


0.57 - 0.87 


60 


1450 


55 


0.94 


3 


LSPM 1459+0857AB 


DA 


T4.5 


> 4.8 


0.585 


64 - 75 


1350 


16500 - 26500 


365 


4 


GJ 3483 


DQ 


Y? 


1.5 - 2.7 


0.62 


~ 6 - 10 


340 


2500 


130 


5,6 



References: 1— 


Zuckerman & Bccklin ( 


992). 2- 


Kirkpatrick et al. 


Dav- Jones et al. ( 


2011). 5- 


Luhman et al. 


2011), 6- 


This work. 



(199 



9): 



Steele et al.l (|2009| ). 4 



Temperatures listed are averages of the range provided in the references (including GJ 3483B) for the sec- 
ondary in the system. A range of separation is listed for LSPM 1459+0857A B as the distance is dete rmined 
photometrically assuming the object is either single or an unresolved binary (|Dav- Jones et al.ll201l[ ). Sepa- 
rations for these WD+BD pairs would have been smaller while on the main sequence, typically by a factor 
of 2 to 4 (see Section |4j. 




Fig. I.— Co-added (3.5 hours) CTIO ISPI J-band field (left) and Spitzer IRAC 4.5//m field 
(right); the circle denotes the location of GJ 3483B. 



J-[4.5] 



Fig. 2. — Mi.?, ve r sus J — [4.5] for T dwarfs with m easured distances and IRAC photometry 
from iLucas et al.l (120101 ) and iLeggett et al.l (120101 ) . GJ 3483B is indicated with a right- 
pointing arrow whose base corresponds to our upper limit of J — [4.5] = 4.95. It is the 
reddest brown dwarf currently known. 
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Fig. 3. — The lowest mass imaged companions to date (listed in Tabled]). GJ 3483B is 
plotted at its expected location while the primary was on main sequence (~ 780 AU; see 
Section Hj); we also indicate the mass range (6 — 10 Mj, , p ) . Gray squares d enote extrasolar 
planet candidates from the Exoplanet Orbit Database (jWright et al.l 120101 ) ; plotted masses 
are M sim and could be larger than shown. CFBDSIR J1458+1013B i s not shown; it s 
separation is 2.6 AU, but has a broad range for the mass (~ 6 — 15 Mj up ; iLiu et al.l 1201 ll ). 
CT Cha B, 1RXS J1609b, and 2M J044144b ( whose mass may be 5-10 M Jup , though for 
clarity we only display the higher value from iTodorov et al.l 120101 ) are displayed as open 
circles as it's not yet known if these are bound (see footnote to Table [1]). 



